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A transistor model defines the carrier mobility as a combina-
tion of both drift-diffusion mobility and ballistic mobility.
The ballistic mobility is calculated based on the assumption
that the kinetic energy of carriers near an injection point is no
greater than the potential energy difference of carriers near
that injection point. The abruptness of the onset of velocity
saturation, as well as the asymptotic velocity associated
therewith is made dependent on the degree to which the
velocity is ballistically limited. The model further takes into
account the inertial effects on the velocity and/or charge flux
associated with carriers. The model computes the mobility
and hence the velocity of carriers in accordance with their
positions in the channel both along the direction of the current
flow as well as the direction perpendicular to the current flow.
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SEMI-LOCAL BALLISTIC MOBILITY
MODEL

CROSS-REFERENCES TO RELATED
APPLICATIONS

The present application claims benefit under 35 U.S.C.
§119(e) of U.S. Provisional Application No. 61/825,490,
filed May 20, 2013, the content of which is incorporated
herein by reference in its entirety.

BACKGROUND

The present application relates to electronic-design-auto-
mation (EDA) tools, and more particularly to modeling of the
physical properties of devices disposed in integrated circuits
designed using such tools.

As transistors, such as field-effect or bipolar transistors,
used to form an integrated circuit (IC) are scaled to ever
smaller dimensions, the mathematical models used to
describe the physical behavior of such transistors/devices
need to be reconsidered. Field-effect transistors are widely
used as switching elements in logic circuits. In a field-effect
transistor in the on-state, charges flow from the source region
to the drain region via a channel. In the off-state, charges are
blocked from flowing between the source and drain regions. A
gate electrode is used to turn on/off a conduction path (chan-
nel), thereby to control the flow of current between the source
and drain regions.

Transistors are typically modeled either macroscopically
using equations to model relationships between charge,
potential, and current flux at contacts, or microscopically
using a detailed representation of the device in one, two, or
three spatial dimensions. The macroscopic approach, or
“compact model” approach, has the advantage of computa-
tional efficiency but is relatively inefficient at predicting the
effect of design changes on the device behavior. Microscopic
models may be used to predict the impact of relatively minor
differences on a device physical behavior as well as predict-
ing the behaviors of substantially different devices formed in
the same or similar materials.

In a typical microscopic model, a physical representation
of'the device is created by partitioning the device into regions,
and partitioning the regions into elements bounded by verti-
ces. Physics-based equations govern how fields vary between
elements or vertices, and charge fluxes are modeled in terms
of these fields. Charges are characterized using a “carrier”
model, where quanta of charge is considered to be transported
by individual quasi-particles called “electrons™ (negatively
charged) or “holes” (positively charged). The term quasi-
particle describes a quantum of charge which exhibits par-
ticle-like behavior in a semiconducting crystal. This behavior
includes characteristics such as velocity, momentum, energy,
and mass. These quasi-particles or carriers travel between
various regions of the device at speeds that depend on a
number of factors, such as the electrostatic potential, the
density of carriers, the lattice temperature, and the like.

A well-known model for characterizing the physics of solid
state devices is the drift-diffusion model in accordance with
which carrier velocity is considered dependent on local fields
and their gradients. Drift-diffusion model, which is a local
model, determines a series of fields and/or their gradients at
any given point to predict the carrier velocity and/or flux at
that point. A non-local model may additionally consider the
value of fields at other points in the device.

SUMMARY

A computer-implemented method for simulating a semi-
conductor device, in accordance with one embodiment of the
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present invention, includes, in part, establishing a maximum
energy associated with a carrier entering a region of the
semiconductor device, defining a maximum kinetic energy
associated with the carrier in accordance with the maximum
energy and further in accordance with a position of the carrier
within the region, and computing a velocity of the carrier in
accordance with the maximum kinetic energy and further in
accordance with one or more scatterings, said maximum
kinetic energy establishing an upper bound for a velocity of
the carrier.

In one embodiment, the computer-implemented method
further includes, in part, partitioning the kinetic energy of the
carrier into a ballistic component and a thermal component.
In one embodiment, at least one of one or more of the scat-
terings represents intervalley scattering. In one embodiment,
the maximum kinetic energy is characterized by a kinetic
energy of the carrier entering the region and a potential energy
associated with a position of the carrier within the region. In
one embodiment, the maximum kinetic energy is further
characterized by a local maximum of a conduction band
energy associated with the region. In one embodiment, the
maximum kinetic energy is further characterized by a local
minimum of a valence band energy associated with region.

In one embodiment, the computer-implemented method
further includes computing a ballistic mobility value for the
carrier in accordance with the maximum kinetic energy. In
one embodiment, the computer-implemented method further
includes computing the ballistic mobility value for the carrier
further in accordance with a quasi-Fermi level. In one
embodiment, the computer-implemented method further
includes computing a diffusion mobility value for the carrier.
In one embodiment, the computer-implemented method fur-
ther includes modifying the computed ballistic mobility to
account for velocity saturation. In one embodiment, the com-
puter-implemented method further includes modifying a
velocity of the carrier to account for velocity saturation.

In one embodiment, the computer-implemented method
further includes scaling the modified computed ballistic
mobility to account for stress, and scaling the diffusion
mobility to account for stress. In one embodiment, the com-
puter-implemented method further includes computing a
total mobility in accordance with the scaled modified ballistic
mobility and the scaled diffusion mobility. In one embodi-
ment, the inverses of the total mobility is defined by a sum of
inverses of the scaled modified ballistic mobility and the
scaled diffusion mobility.

In one embodiment, the computer-implemented method
further includes computing a saturation velocity of the carrier
in accordance with the ballistic mobility and the total mobil-
ity. In one embodiment, the computer-implemented method
further includes modifying the velocity in accordance with an
abruptness parameter indicative of an abruptness of an onset
of'scattering. In one embodiment, the abruptness parameter is
defined by a threshold energy for generating optical phonons.
In one embodiment, the abruptness parameter is further
defined by the maximum kinetic energy and the Boltzmann
constant.

In one embodiment, the computer-implemented method
further includes computing a ballistic velocity for the carriers
in accordance with the maximum kinetic energy, and com-
puting a ballistic fraction for a position within the region. The
ballistic fraction may be defined by a ratio of the computed
velocity at the position and a ballistic velocity limit. In one
embodiment, the computer-implemented method further
includes partitioning the kinetic energy of the carrier into a
ballistic component and a thermal component in accordance
with the ballistic fraction. In one embodiment, the computer-
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implemented method further includes partitioning a popula-
tion of carriers across a plurality of energy bands. In one
embodiment, the computer-implemented method further
includes partitioning a population of the carriers across a
plurality energy bands in accordance with the ballistic frac-
tion.

In one embodiment, the computer-implemented method
further includes modifying a mean velocity of the carriers in
accordance with the population of the carriers in the plurality
of the energy bands. In one embodiment, the semiconductor
device is a field-effect transistor. In one embodiment, the
ballistic fraction defines a lattice temperature of the semicon-
ductor device. In one embodiment, the ballistic fraction
defines a carrier temperature.

In accordance with one embodiment of the present inven-
tion, a computer-implemented method of simulating a semi-
conductor device, includes, in part, using a local-field based
model of carrier flux or velocity comprising an energy-based
constraint over a semiconductor region where a velocity or
mobility associated with the local field-based model is com-
bined with a velocity or mobility associated with a maximum
kinetic energy to provide an upper bound of the velocity of the
carriers throughout a region of interest. In one embodiment,
the region of interest is a channel region of a field-effect
transistor.

A computer system, in accordance with one embodiment
of'the present invention, when invoked by a software program
resident in the computer system establishes a maximum
energy associated with a carrier entering a region of the
semiconductor device, defines a maximum Kkinetic energy
associated with the carrier in accordance with the maximum
energy and further in accordance with a position of the carrier
within the region, and computes a velocity of the carrier in
accordance with the maximum kinetic energy and further in
accordance with one or more scatterings, said maximum
kinetic energy establishing an upper bound for a velocity of
the carrier.

In one embodiment, when invoked by the software pro-
gram, the computer system further partitions the kinetic
energy of the carrier into a ballistic component and a thermal
component. In one embodiment, at least one of the one or
more scatterings represents intervalley scattering. In one
embodiment, the maximum kinetic energy is characterized by
a kinetic energy of the carriers entering the region and a
potential energy associated with a position of the carrier
within the region. In one embodiment, the maximum kinetic
energy is further characterized by a local maximum of a
conduction band energy associated with the region. In one
embodiment, the maximum kinetic energy is further charac-
terized by a local minimum of a valence band energy associ-
ated with the region.

In one embodiment, when invoked by the software pro-
gram, the computer system further computes a ballistic
mobility value for the carrier in accordance with the maxi-
mum kinetic energy. In one embodiment, when invoked by
the software program, the computer system further computes
the ballistic mobility value for the carrier further in accor-
dance with quasi Fermi level. In one embodiment, when
invoked by the software program, the computer system fur-
ther computes a diffusion mobility value for the carrier.

In one embodiment, when invoked by the software pro-
gram, the computer system further modifies the computed
ballistic mobility to account for velocity saturation. In one
embodiment, when invoked by the software program, the
computer system further modifies a velocity of the carrier to
account for velocity saturation. In one embodiment, when
invoked by the software program, the computer system fur-
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ther scales the modified computed ballistic mobility to
account for stress, and scales the diffusion mobility to
account for stress.

In one embodiment, when invoked by the software pro-
gram, the computer system further computes a total mobility
in accordance with the scaled modified ballistic mobility and
the scaled diffusion mobility. In one embodiment, an inverses
of the total mobility is defined by a sum of inverses of the
scaled modified ballistic mobility and the scaled diffusion
mobility. In one embodiment, when invoked by the software
program, the computer system further computes a saturation
velocity of the carrier in accordance with the ballistic mobil-
ity and the total mobility. In one embodiment, when invoked
by the software program, the computer system further modi-
fies the velocity in accordance with an abruptness parameter
indicative of an abruptness of an onset of scattering.

In one embodiment, the abruptness parameter is defined by
a threshold energy for generating optical phonons. In one
embodiment, the abruptness parameter is further defined by
the maximum kinetic energy and the Boltzmann constant. In
one embodiment, when invoked by the software program, the
computer system further computes a ballistic velocity for the
carriers in accordance with the maximum kinetic energy, and
computes a ballistic fraction for a position within the region.
The ballistic fraction is defined by a ratio of the computed
velocity at the position and a ballistic velocity limit.

In one embodiment, when invoked by the software pro-
gram, the computer system further partitions the kinetic
energy of the carrier into a ballistic component and a thermal
component in accordance with the ballistic fraction. In one
embodiment, when invoked by the software program, the
computer system further partitions a population of carriers
across a plurality of energy bands. In one embodiment, when
invoked by the software program, the computer system fur-
ther partitions a population of the carriers across a plurality
energy bands in accordance with the ballistic fraction. In one
embodiment, when invoked by the software program, the
computer system further modifies a mean velocity of the
carriers in accordance with the population of the carriers in
the plurality of the energy bands.

In one embodiment, the semiconductor device is a field-
effect transistor. In one embodiment, the ballistic fraction
defines a lattice temperature of the semiconductor device. In
one embodiment, the ballistic fraction defines the carrier tem-
perature.

A non-transitory computer-readable storage medium, in
accordance with one embodiment of the present invention,
includes, in part, instructions for designing/simulating a cir-
cuit using a device mode. The instructions when executed by
a computer cause the computer to establish a maximum
energy associated with a carrier entering a region of the
semiconductor device, define a maximum Kkinetic energy
associated with the carrier in accordance with the maximum
energy and further in accordance with a position of the carrier
within the region, and compute a velocity of the carrier in
accordance with the maximum kinetic energy and further in
accordance with one or more scatterings, said maximum
kinetic energy establishing an upper bound for a velocity of
the carrier. In one embodiment, the instructions further cause
the computer to partition the kinetic energy of the carrier into
a ballistic component and a thermal component.

In one embodiment, at least one of the one or more scat-
terings represents intervalley scattering. In one embodiment,
the maximum kinetic energy is characterized by a kinetic
energy of the carriers entering the region and a potential
energy associated with a position of the carrier within the
region. In one embodiment, the maximum kinetic energy is
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further characterized by a local maximum of a conduction
band energy associated with the region. In one embodiment,
the maximum kinetic energy is further characterized by a
local minimum of a valence band energy associated with
region.

In one embodiment, the instructions further cause the com-
puter to compute a ballistic mobility value for the carrier in
accordance with the maximum kinetic energy. In one embodi-
ment, the instructions further cause the computer to compute
the ballistic mobility value for the carrier further in accor-
dance with quasi Fermi level. In one embodiment, the instruc-
tions further cause the computer to compute a diffusion
mobility value for the carrier. In one embodiment, the instruc-
tions further cause the computer to modify the computed
ballistic mobility to account for velocity saturation. In one
embodiment, the instructions further cause the computer to
modify a velocity of the carrier to account for velocity satu-
ration.

In one embodiment, the instructions further cause the com-
puter to scale the modified computed ballistic mobility to
account for stress, and scale the diffusion mobility to account
for stress. In one embodiment, the instructions further cause
the computer to compute a total mobility in accordance with
the scaled modified ballistic mobility and the scaled diffusion
mobility. In one embodiment, an inverses of the total mobility
is defined by a sum of inverses of the scaled modified ballistic
mobility and the scaled diffusion mobility.

In one embodiment, the instructions further cause the com-
puter to compute a saturation velocity of the carrier in accor-
dance with the ballistic mobility and the total mobility. In one
embodiment, the instructions further cause the computer to
modify the velocity in accordance with an abruptness param-
eter indicative of an abruptness of an onset of scattering. In
one embodiment, the abruptness parameter is defined by a
threshold energy for generating optical phonons. In one
embodiment, the abruptness parameter is further defined by
the maximum kinetic energy and the Boltzmann constant.

In one embodiment, the instructions further cause the com-
puter to compute a ballistic velocity for the carriers in accor-
dance with the maximum kinetic energy, and compute a bal-
listic fraction for a position within the region. The ballistic
fraction defined by a ratio of the computed velocity at the
position and a ballistic velocity limit. In one embodiment, the
instructions further cause the computer to partition the kinetic
energy of the carrier into a ballistic component and a thermal
component in accordance with the ballistic fraction. In one
embodiment, the instructions further cause the computer to
partition a population of carriers across a plurality of energy
bands.

In one embodiment, the instructions further cause the com-
puter to partition a population of the carriers across a plurality
energy bands in accordance with the ballistic fraction. In one
embodiment, the instructions further cause the computer to
modify a mean velocity of the carriers in accordance with the
population of the carriers in the plurality of the energy bands.
In one embodiment, the semiconductor device is a field-effect
transistor. In one embodiment, the ballistic fraction defines
the lattice temperature of the semiconductor device. In one
embodiment, the ballistic fraction defines the carrier tem-
perature.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a field-effect transistor
having a physical model characterized by carriers whose
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6

velocity along the channel depends on their position along the
channel, in accordance with one embodiment of the present
invention.

FIG. 2 is an exemplary conduction and valence band of an
electron near a source region of the field-effect transistor of
FIG. 1,

FIG. 3 is an exemplary block diagram of a computer system
configured to design an integrated circuit having disposed
therein devices simulated using a physical model, in accor-
dance with embodiments of the present invention.

FIG. 4 is a flowchart for simulating a semiconductor device
behavior, in accordance with one embodiment of the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

In accordance with embodiments of the present invention,
physical models and simulations of semiconductor devices
are enhanced by taking into account, among other factors,
inertial effects on the velocity and/or charge flux associated
with carriers. The inertial effects may require an adjustment
to, for example, three components of the carrier transport,
namely velocity in the absence of high-energy scattering
mechanisms, the abruptness of the onset of high-energy scat-
tering mechanisms, and the high-energy limit imposed by
high-energy scattering mechanisms. Additionally, other high-
energy effects like the transferred carrier effect are also con-
sidered. Moreover, the degree to which carrier transport is
ballistic may be used to reduce the degree of carrier heating.

In accordance with one embodiment of the present inven-
tion, a local-field based model of carrier flux or velocity is
modified by applying an energy-based constraint over a semi-
conductor region where the velocity or mobility associated
with a local field-based model is combined with the velocity
or mobility associated with a local kinetic energy constraint.
Such a kinetic energy is calculated from a total energy that is
either explicitly provided or derived from a simulation
domain while taking into account the conservation energy. In
one embodiment, this total energy derivation is assumed at an
injection point or manifold at which the local field is used to
derive the carrier velocity. Such velocity is subsequently used
to derive a kinetic energy which when combined with the
carrier potential energy at that region yields a total energy
applied to carriers throughout the region of interest such as,
for example, a channel region of a field-eftect transistor. The
kinetic energy is used to calculate a ballistically adjusted
velocity or mobility. The combination of the velocity (or
mobility) derived for the ballistic limit and the velocity
derived from the local field provides a velocity or mobility
which is not greater than the velocity or mobility derived for
the ballistic limit.

According to the well-known Matthiessen’s rule, models
for velocity saturation or other energy-dependent scattering
effects are optionally modified to provide a more accurate
value for the ballistic limit when carrier velocity is con-
strained by inertia, or equivalently when it is limited by the
kinetic energy constraint. An example of a model for velocity
saturation is one which uses optical phonon scattering. In the
well-known Canali model, a number of parameters describe
the asymptotic limit to carrier velocity and the abruptness
with which velocity approaches this limit. With the Canali
model, the saturation velocity may be increased by a factor of
up to the square root of, for example, 3, if the velocity is at the
ballistic limit. The abruptness term may be increased based
on the ratio of the optical phonon scattering threshold to the
sum of the injection point lattice temperature and the ballistic
limit to kinetic energy at any given point. For models where
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carrier temperature is calculated, a ballistic fraction can be
used to partition energy into ballistic and thermal compo-
nents.

Local models are numerically easier to solve than non-
local models. However, it is often beneficial to add non-
localities to a model set. For example, a gate terminal of a
field-effect transistor is typically separated from the channel
region by an insulator (gate oxide) which blocks the flow of
charge between the gate and the channel. But as devices are
made smaller and the insulator between the gate and the
channel becomes thinner, charge is more readily able to leak
between the gate and the channel due to the quantum tunnel-
ing effect. Quantum tunneling models are typically incorpo-
rated into the drift-diffusion models using non-local relation-
ships. For example, the charge flux through an insulator
depends on an integral performed through the full thickness
of' the insulator. Therefore the charge flux at various points in
the channel may depend on the electric field values taken
throughout the thickness of the gate insulator. Consequently,
as devices shrink, non-local adjustments to the local models
become increasingly important.

The carrier velocity in the drift-diffusion model is defined
by thelocal field values. As such, the component of the charge
carrier velocity is assumed to be proportional to the gradient
of the electrostatic potential. For example, assume that a
positively charged carrier is at a point with a given electrical
potential that is higher than the potential of an adjacent point.
The carrier is thus moved to the position of a lower potential.
The steeper the gradient of the electrostatic potential between
the two points, the higher is the velocity with which the carrier
typically flows between the points. In other words, the drift-
diffusion model generally predicts that a steeper gradient in
electrostatic potential yields for a given carrier type in a given
material with the same physical characteristics at the same
lattice temperature a higher carrier velocity.

In the present application, it is understood that a local
field-based model may be enhanced by non-local effects. For
example, the drift-diffusion model, which is a local field-
based model, is enhanced by a non-local tunneling model
which allows for the generation or recombination of carriers
due to tunneling of carriers from other non-adjacent posi-
tions. There may be other non-local adjustments to the veloc-
ity. Accordingly, a model, in accordance with embodiments
of the present invention, is assumed to be defined, in part, by
a local model for carrier velocity of at least one carrier type
where the velocity is defined, in part, in terms of local field
values.

A mechanical analogy of this relationship is coasting on a
bicycle on a road down a hillside. If the road descends gradu-
ally the bike will go slower, while if the road descends steeply
the bike will go faster. The relationship between the slope of
the road and the bike speed may not be strictly linear, and it
may depend on other factors such as the resistance generated
by the tires or how aerodynamically efficient the rider and
bike move through the air. But the relationship between the
road gradient and the bike speed typically holds.

Further to this bike analogy, if the hill is long the bike may
quickly reach a terminal velocity—determined by a dynamic
balance between the force of gravity and the retarding forces
of the air, tires, and other sources of friction—relative to the
length of the descent. In reality, due to inertia, the bike
requires a non-zero distance to approach a terminal velocity.
Assume that the road is descending relatively slowly and the
bike is rolling at a relatively constant speed. Assume further
that suddenly the bike passes onto a section of roadway where
it becomes instantly steeper. Accordingly, there will be a time
interval when the bike’s speed steadily increases until it
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approaches a new terminal velocity associated with the
steeper gradient. Similarly, if the hill then flattens, it will take
anon-zero distance before the imbalance between propulsive
gravitational force and the retarding frictional forces again
achieve a new balance. The bike will then have a higher than
normal speed for the shallower gradient following the steep
descent until it again approaches static balance and reaches
the speed associated with the lesser gradient.

If the gradient of the road changes very rapidly, for
example steeper and more gradual over only a few meters,
then the steady-state speed is never reached. The bike is
continuously either speeding up or slowing down. In such a
situation the speed is no longer dependent only on local
parameters. It is instead additionally dependent on param-
eters associated with the bike’s positions at previous times. A
local model which treats the speed of the bike as a function of
the characteristics of only its present position will not
adequately describe its speed at every position.

With the bike descending a hill with rapidly changing
grade, modeling the speed as a function of position typically
requires modeling the acceleration as a function of the forces
due to speed and the road’s slope at each position, and inte-
grating the acceleration with respect to time to derive speed.
An analogy to this approach in device simulation is the so-
called Monte Carlo simulation which simulates the time his-
tory of particles as they travel through a device. This is a
time-consuming calculation as it must be done self-consis-
tently while taking into account carrier interactions. There-
fore the different time histories of different carriers that are
subject to different random events must be calculated. Monte
Carlo simulation is a valuable technique for estimating device
behavior but because it integrates the history of carriers or
their ensembles over time, it is computationally slower than
the local models. For many applications, particularly those
involving complex devices, local modeling is preferred.

The descending bike problem can be simplified if, for
example, the atmospheric effect is insignificant and other
sources of friction are insignificant. In such cases where the
acceleration or deceleration due to gravity is assumed to be
the only force acting on the bicycle, the principle of energy
conservation may be used for arbitrary complex hill profiles.
Neglecting friction and in the absence of any propulsion, the
sum of potential and kinetic energies is conserved. The poten-
tial energy of the bicycle and its rider is a function of their
altitude, while their kinetic energy is a function of their speed.
Therefore if the potential energy at any given position and the
total energy are known, the kinetic energy and hence the
speed can be calculated. Thus, despite relatively complex
kinetics and the strong influence of inertia, the speed can be
determined as a function of position. Therefore, knowing the
total energy, which in turn depends on an initial condition, is
important.

Assume that as an initial condition, the rider begins from
rest at the top of a hill and then moves to the beginning of a
descent before accelerating down the hill. Accordingly, the
initial condition is defined by the potential energy of the
initial point at the hilltop. The total energy is the sum of the
potential energy and the kinetic energy associated with the
speed the rider achieve prior to the downhill movement.

In a more typical situation where the rider encounters wind
resistance and rolling friction from the tires, the speed calcu-
lated using the conservation of energy approach will typically
be an upper bound—assuming there is no strong tail wind
pushing the rider along. There are two simplifying limits. In
one limit, the rider is assumed to be fully ballistic, without any
retarding forces, thereby causing the total energy to be con-
served and the speed to be limited only by inertia. In the other
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limit, the inertia is assumed to be insignificant and the speed
limited by the dynamic balance between the retarding forces
and the acceleration caused by the gravity. In each of these
cases, the speed can be calculated as a function of position for
aknown initial condition. Near the beginning of the hill where
the potential energy is close to that of the initial potential
energy and the kinetic energy is relatively close to its initial
small value, the ballistic speed limit may well be less than that
calculated under the assumption of the dynamic balancing of
forces. Further down the hill, where in the absence of retard-
ing forces the rider would have been accelerating through a
substantial change in altitude, the ballistic speed may be
much higher than the speed calculated assuming the dynamic
balancing of forces.

The speeds determined using the ballistic limit and the
balance-of-forces limit are approximations. The speed may
further be calculated by integrating the force over time or over
distance and converting the resulting momentum or energy
into speed or velocity. The result of this rigorous calculation
for a given position might be greater or less than the balance
of forces result, but it would be no larger than the ballistic
approximation which sets upper bound on speed. For
example, assume that the simplicity of the balance-of-forces
estimate made it a preferred approach, and that over a large
fraction of a given hill, the assumptions of the balance-of-
forces approach generally apply. In other words, assume that
the grade of the hill changes relatively slowly, and that the hill
is sufficiently long that the inertial effects fail to dominate
over much of the length of the hill. The ballistic limit could
then be used to refine the speed. This would apply near the
beginning of the hill where the grade or slope increases rap-
idly, and where due to the inertia the rider has not yet had the
time or travelled the distance required for the speed to
approach that at which the accelerating and retarding forces
come into balance. In such a case, the ballistic limit and the
balance-of-forces estimate could be combined in such a way
that the result could be no larger than the ballistic limit.
Therefore, near the beginning of the hill the predicted speed
would be less than that predicted by the balance-of-forces
model, while further down the hill the speed would approach
that predicted by the balance-of-forces model.

As described above, inertia or the tendency of a moving
object to maintain its momentum affects local modeling. Like
bicycles, quasi-particles, electrons and holes, also have
masses. Due to inertia, when an electron or hole moves from
a region where the electric field is smaller to another region
where the electric field is larger, the momentum and velocity
fail to reach their steady-state values instantaneously.

The motion of an electron or hole in the channel of a
field-effect transistor is analogous to that of the bicycle.
Potential energy of the electron or hole may be viewed as an
electrostatic potential multiplied by a carrier charge. Retard-
ing forces affecting electrons or holes are due to such phe-
nomena as acoustic and optical phonon scattering, carrier-to-
carrier scattering, local and remote Coulombic scattering,
surface roughness scattering, and thickness variation scatter-
ing. Kinetic energy of an electron or hole may be defined by
half the product of the mass and the square of its velocity.
Thus with an electron, as with the bicycle, the same approxi-
mations can be applied to model the speed using a balance of
forces and conservation of energy taking into account initial
conditions.

The well-known drift-diffusion model is an example of the
balance-of-forces model. While such a model makes assump-
tions about the scattering lengths and rates at which potential
changes occur, it uses relationships between the local fields
and carrier velocity. Conventional drift-diffusion models may
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be calibrated to match different device considerations but
tend to over-predict the current in relatively small transistors,
particularly at relatively low drain biases.

In an article entitled “Low Ballistic Mobility in Submicron
HEMTs”, IEEE Electron Device Letters, vol. 23, No. 9, Sep-
tember 2002, Michael S. Shur describes a compact (macro-
scopic) adjustment to the small transistor models by applying
the Mathiessen’s rule, described further below, to the mobil-
ity in the channel. To achieve this, Shur uses a mobility
component called the ballistic mobility required to reach the
ballistic limit of carrier velocity—representing an upper
bound on the magnitude of the velocity attainable at any given
position based on the total energy the charge particles may
first experience via ballistic transport through the device. In a
semiconductor device, the carriers may approach a region of
high electric field (steep potential energy) at relatively slow
speed, and then accelerate through the region of high electric
field at a rate up to the ballistic limit. Shur models the kinetic
energy as a combination of a thermal component and a trans-
lational component. In the case of degenerate semiconductors
where carriers are energized by the effective pressure associ-
ated with high concentrations, an additional energy associ-
ated with that degeneracy (the “Fermi velocity”) is used. The
maximum speed with which carriers could traverse the chan-
nel is used to calculate the aggregate effective ballistic mobil-
ity. In Shur’s model, however, the carrier velocity is assumed
to remain constant throughout the channel. Such a model is a
form of compact modeling.

But while the overall charge flux in a device can be adjusted
with compact models, it is desirable to model the effect
microscopically. A kinetic energy based approach may be
used to locally model the effect of the ballistic limit on carrier
velocity and therefore on carrier flux, as is described in detail
below.

In an article entitled “Virtual Source-Based Self-Consis-
tent Current and Charge FET Models: From Ballistic to Drift-
Diffusion Velocity Saturation Operation”, IEEE Transactions
On Electron Devices, Vol. 59, No. 5, May 2012, Lan Wei,
Omar Mysore, and Dimitri Antoniadis propose a compact
model which defines a virtual source/drain and a channel that
is partitioned into a relatively small discrete set of nodes. A
potential profile is solved self-consistently with velocity and
charge under the constraint that the total energy, including a
sum of potential and kinetic energy, does not exceed a thresh-
old established at the virtual source. This establishes a ballis-
tic velocity which is associated with a ballistic component of
channel charge calculated based on the ratio of ballistic
kinetic energy to the drain-to-source bias. Wei et al’s model is
amacroscopic model, treats channel and non-channel regions
similarly and is specifically applied to an insulated gate field-
effect transistor. Wei et al’s model is different than compact
and microscopic models which are tailored to a given device
type.

Another approach to modeling ballistic effects in field
effect transistors is described in “Drift-Diffusion Equation
For Ballistic Transport In Nanoscale Metal-Oxide-Semicon-
ductor Field Effect Transistors,” Journal Of Applied Physics,
Vol. 92, No. 9, November 2002, pp. 5196-5202, Rhew, Jung-
Hoon; and Lundstrom, M. S. This article describes a one-
dimensional model of the transport between the source and
drain regions of a field-effect transistor using a “two-stream”
model in which the source-to-drain carriers are modeled
separately from the drain-to-source carriers. The ballistic
transport described by Rhew et al. is affected by scattering
which is calculated using a low-field mobility assigned to the
channel. The multi-stream ballistic model of Rhew, et al. is
one-dimensional and is specific to the field-effect transistor
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with carriers traveling directly between the source and drain
regions. Rhew et al’s model is only a one dimensional model,
and is therefore not a true position-dependent model. Rhew et
al’s model assumes a left stream and a right stream. However,
in practice carriers move in all directions which Rhew et al
fail to account for.

When the electric field is relatively small, carriers may
experience a drift velocity proportional to the electric field.
However, as the carriers accelerate, their kinetic energy may
reach a threshold at which it is quantum mechanically favor-
able for certain processes to result in the loss of the kinetic
energy, for example, the generation of optical phonons. As is
known, phonons are vibrations in the crystal lattice, and opti-
cal phonons occur when adjacent atoms or groups of atoms
vibrate in opposite direction. In classical physics, neglecting
quantum mechanics such as vibrations could occur at any
energy. However, quantum mechanics imposes the restriction
that such vibrations can occur at only discrete energies, the
lowest energy being equal to the product of Planck’s constant
and the vibrational frequency. A traveling carrier’s kinetic
energy is not transferred to the lattice vibration until the
kinetic energy reaches a threshold. But as the kinetic energy
of'the carriers reaches a quantum mechanical threshold value
for such processes as optical phonon generation to occur, the
rate of energy loss increases. Consequently there is a ten-
dency for the carriers ensemble average velocity to approach
a value associated with kinetic energy near the threshold for
optical phonon scattering.

The effects of processes, such as optical phonon genera-
tion, are typically captured by the drift-diffusion model using
a “high field saturation” adjustment to the mobility, velocity,
or carrier flux. One such form of adjustment is described in
“Carrier Mobilities in Silicon Empirically Related to Doping
and Field”, IEEE Transactions on Electron Devices, Vol. 55,
No. 12, 1967, pp. 2192-2193, D. M. Caughey and R. E.
Thomas. The Caughey et al. model was generalized to a more
universal form in “Electron and Hole Drift Velocity Measure-
ments in Silicon and Their Empirical Relation to Electric
Field and Temperature”, IEEE Transactions on Electron
Devices, Vol. ED-22, No. 11, 1975, pp. 1045-1047, C. Canali
et al. In Canali et al’s model, the reduction in mobility or
velocity is a function of, and thus partly defined by, the carrier
velocity. This functionality or relationship is described by two
parameters, namely a saturation velocity (the maximum
obtainable ensemble average velocity for carriers before opti-
cal phonon scattering becomes so dominant that the velocity
can increase no further) and a unitless parameter which
describes how gradually the limitis approached. This unitless
parameter is referred to hereinbelow as [3. As described fur-
ther below, in accordance with one aspect of the present
invention, parameter 3 as well as the saturation velocity V,,
may vary depending on the degree of carrier ballisticity, and
therefore are affected by whether the carrier velocity is lim-
ited by kinetic energy or scattering.

In GaAs and other III-V compounds, it is important to
consider the transferred carrier effect. According to this
effect, carriers may acquire sufficient energy to transition
(transfer momentum and energy) from a relatively high-ve-
locity momentum state (for example, an electron I" valley) to
a relatively lower-velocity momentum state (for example, an
electron L valley), and therefore experience a reduction in
their velocity. This transition may be relatively suppressed in
ballistic carriers than in carriers which have been exposed to
a rich scattering history and for which the maximum obtain-
able kinetic energy is much higher than the threshold energy
required for the momentum transfer to take place. An
example of a local model which takes into account the trans-
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ferred carrier effect is described in “Finite-Element Simula-
tion of GaAs MESFET’s with Lateral Doping Profiles and
Submicron Gates”, IEEE Transactions on Electron Devices,
vol. ED-23 No. 9, 1976, pp. 1042-1048, J. J. Barnes, R. I.
Lomax, and G. I. Haddad. Barnes et al’s model assumes a
steady-state electric field and fails to consider inertial effects.

As described above, in the conventional drift-diffusion
based models, carriers are assumed to be in thermal equilib-
rium with the semiconductor lattice. Such models are ham-
pered by their failure to adequately treat, among other factors,
the effects of inertia, especially near the point at which car-
riers are injected into the channel from the source. Other
conventional models that assume carriers heat as they accel-
erate, fail to recognize that a carrier’s temperature should
describe the random, disordered component of its motion
rather than its total kinetic energy in the inertial reference
frame of the lattice.

A transistor model, in accordance with one embodiment of
the present invention defines the carrier mobility as a combi-
nation of both drift-diffusion mobility and ballistic mobility.
The ballistic mobility, or alternatively the ballistic velocity is
calculated based on the assumption that the kinetic energy of
carriers near an injection point is no greater than the potential
energy difference of carriers near that injection point. In
accordance with another aspect of the present invention, the
abruptness of the onset of velocity saturation, as well as the
asymptotic velocity associated therewith is made dependent
on the degree to which the velocity is ballistically limited. A
model, in accordance with one embodiment of the present
invention, therefore has a significantly enhanced accuracy.
The model further takes into account the inertial effects onthe
velocity and/or charge flux associated with carriers. The iner-
tial effects may require an adjustment to three components of
the carrier transport, namely the velocity in the absence of
high-energy scattering mechanisms, the abruptness of the
onset of high-energy scattering mechanisms, and the high-
energy limit imposed by high-energy scattering mechanisms.
Other high-energy effects such as the transferred carrier
effect are included. Also for models where carrier tempera-
ture(s) are modeled, the degree to which carrier transport is
ballistic can be used to reduce the degree of carrier heating.
The model, therefore, accounts for variations of carrier
mobilities and various energy-dependent scattering param-
eters so as to account for such effects as velocity saturation.
The model further enables the transferred carrier effect to
behave differently under conditions where carriers are prima-
rily ballistically limited rather than drift-diffusion limited. To
achieve these advantages, embodiments of the present inven-
tion provide a microscopic or compact model that partition
the channel into a multitude of segments to each of which a
kinetic energy constraint is applied. Since a model, in accor-
dance with embodiments of the present invention is micro-
scopic, it equally applies to any arbitrary device in addition to
the insulated-gate field-effect transistors. The model further
takes into account the degree to which the ballistic movement
of'the carriers may be used to adjust, and in particular reduce,
the carrier temperature in a hydrodynamic model.

In accordance with one aspect of the present invention, a
maximum or total energy for the carriers is determined in a
ballistic region, for example, in the channel region of a field-
effect transistor. The total energy may be explicitly provided
or alternatively extracted based on one or more assumptions.
An example of such an assumption is that under many biasing
conditions, a device includes an injection point near which
carriers move with a predictable scattering distribution. One
such distribution is the Maxwellian velocity distribution asso-
ciated with local thermal equilibrium within the semiconduc-
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tor lattice. At or near the injection point, the carriers are
assumed to be subject to inertial constraints defining a maxi-
mum kinetic energy for the carriers. The ballistic velocity
along any point along the channel is then be defined as the
sum of (i) this maximum kinetic energy and the (ii) difference
between the potential energy at or near the injection point and
the potential energy at that point in the channel. Therefore,
assuming that the sum of the potential and kinetic energy is
conserved in a ballistic transport, changes in kinetic energy
equal differences in potential energy. In some embodiments,
the carriers are assumed to be in local thermal equilibrium
with each other.

As described above, embodiments of the present invention
modify the local field-based mobility model by applying a
regional energy constraint on the sum of the potential and
kinetic energy, as well as other sources of energy. The kinetic
energy component is used to derive a ballistic limit for the
velocity which is then combined with the velocity extracted
from a local field-based model to yield a ballistically-modi-
fied local velocity. In other embodiments, ballistic mobility
and ballistically-modified mobility may be used to derived
associated velocities when used with the local field-based
model.

In accordance with one aspect of the preset invention, the
carrier transport model is applied to a region (domain) where
one or more carriers may be exposed to an inertially limited
acceleration, thereby limiting their ballistic velocity/mobil-
ity. For example, the channel region of a field-effect transistor
typically extends between a source region and a drain region
and encapsulates carriers of the same type as those which
dominate the source and drain. The carriers appear when a
potential is applied to the gate. The source region extends to
aninjection point or region proximate to the channel and from
where ballistic transport may occur. For example, a field-
effect transistor may include a metal contact, a degenerately
n-type doped source region, a lightly doped, undoped, or
oppositely doped channel region, and a drain region with the
same doping type as the source.

FIG. 1 is a simplified cross-sectional view of an n-type
field-effect transistor 100 modeled in accordance with one
embodiment of the present invention. Transistor 100 is shown
as including, in part, an n-type source region 10 and an n-type
drain region 12 formed in p-type substrate 14. Transistor 100
is also shown as including a gate insulator 16, and a polysili-
con or metal gate 18. Channel 20 is formed between the
source region 12 and drain region 14 in response to the appli-
cation of voltage V ;¢ between gate 18 and source region 10.
A current flows between the source and drain regions when
voltage V ¢ is applied therebetween. As is seen in FIG. 1,
channel 20 is divided into four segments perpendicular to the
source-drain direction, namely segments 20,, 20,, 20, and
20, and ten segments along the source-drain direction. For
example, the ten segments forming 20, are 20,,, 20,,, 20,5,
20,,, 20,5, 20, 20,-, 20,4, 20 ,, and 20,,,. For simplicity
and clarity, only segments 20, , and 20, are identified in FIG.
1. The remaining channel segments 20,, 20;, and 20, are also
similarly divided. Although, in the exemplary device shown
in FIG. 1, the channel is divided into 10 segments along the
direction of current flow (x-axis), and into four segments
perpendicular to the direction of current flow (y-axis), it is
understood that in other embodiments, the channel may be
partitioned into N segments along the direction of current
flow and M segments perpendicular to the direction of current
flow, where M and N are integers greater than 1. As is
described further below, a physical model in accordance with
embodiments of the present invention, computes the mobility
and hence the velocity of carriers in accordance with their
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positions in the channel both along the x-axis and y-axis.
Carriers are injected into the channel region from source 10
from one or more injection points (not shown in FIG. 1 for
simplicity). Channel region 20 includes the ballistically
modified region through which carriers achieve ballistically-
modified mobility or velocity, as described further below.
Although in FIG. 1 the channel is shown as being partitioned
nearly evenly and into regular geometrical shapes, it is under-
stood that in other embodiments the channel region may be
partitioned into irregular geometrical shapes and arrange-
ment such that the resulting points, elements, or segments of
the channel may be neither perpendicular nor parallel to the
direction of current flow, with the current flowing in different
directions at different positions within the channel.

For an electrostatically controlled device, the carriers
should be confined to the channel when they flow between the
source and drain regions. This is typically achieved geometri-
cally, via the use of thin layers, fins, cylinders, etc., or via
doping. For example, a substrate with a doping type opposite
that of the source and drain regions makes it energetically
unfavorable for carriers to cross from the source to the drain
except where they are induced by the proximity of a gate with
appropriate charge. So in such a structure, the channel region
could be defined as the region proximate to the gate where
carriers are induced. For example, if carriers are typically
induced within 3 nm of an interface with an insulator such as
Si0O,, then the channel region could extend from a region near
the source toward a region near the drain along the gate, and
further extend from the insulator toward the substrate for a
distance of, for example, 5 nm perpendicular to the gate. In
the case of carriers confined by the geometry, for example in
a thin layer, a narrow fin, a thin cylinder, or the like, the area
confined by region near the source to the region near the drain
can be defined as the ballistic region.

Once a ballistic region is defined, for each boundary con-
dition (for example, a bias condition at contacts to the simu-
lation domain) the total carrier energy representing the bal-
listic total energy limit is defined. This could be specified
explicitly, for example, as a fixed value or calculated using a
fixed function of the terminal biases. Alternatively, it may be
extracted from the ballistic region or points proximate to the
ballistic region.

One solution to extracting the total carrier energy is to
identify an injection region. This may be identified, for
example, as an injection point where a conduction band
energy (for electrons) or a valence band energy (for holes)
reaches a local maximum. FIG. 2 shows an electron conduc-
tion band 110, valence band 120, and the injection point 125
near a source region of a semiconductor device and posi-
tioned at or close to a maximum of conduction band 110. At
such an injection point, a carrier’s kinetic energy can be
calculated using a velocity derived from the field-based local
model. For example, the drift-diffusion model, or an
enhanced version of this model, may yield a good estimate of
the mean carrier velocity at an injection point or over an
injection zone, as described further below. Using an effective
mass approximation or via other means, for the injection
point if only one is defined, or for points in the injection zone,
an effective carrier kinetic energy can be derived. The total
energy for carriers at such points may be obtained as
described in expression (1) below. In addition to these energy
components, a degeneracy term derived from Fermi-Dirac
statistics may be added to represent the enhanced energy of
carriers there due to Fermi exclusion. For simplicity the equa-
tions listed herein do not include an adjustment for Fermi-
Dirac statistics.
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If an injection zone instead of a single injection point is
used, the total carrier energy used for such calculation may be
the maximum energy of the points on the injection zone, or
alternatively, an average energy on the injection zone. Differ-
ent strategies have different advantages and disadvantages.
The advantage of the maximum value over a zone is that it
avoids the risk of negative kinetic energies. The risk is that it
makes the result susceptible to numerical fluctuations
encountered in computationally solving the equations gov-
erning the physics at that point. So a balance of robustness and
attaining a relative maximum may be provided by a weighted
average. A single point approach is simpler, however, and can
be implemented with essentially a one-dimensional search.
For example, in one example, such a point may be defined at
1 nm from the gate insulator near the center of the channel and
then extended along and parallel to the gate insulator. Ini-
tially, the conduction band energy may be obtained for a given
bias point. Next, moving toward the source, the conduction
band energy along the direction parallel to the gate insulator
is computed until a maximum of this energy is obtained. By
constraining the location to, for example, a mid-channel point
of, for example, 1 nm from a gate insulator, complex multi-
dimensional searches are avoided.

For example, assume that the kinetic energy associated
with an injection point has a value of, for example 5 meV. In
accordance with embodiments of the present invention, the
maximum carrier kinetic energy at any given point along the
channel is the sum of 5 meV and the amount by which the
carrier potential energy at the injection point exceeds the
carrier potential energy at that point in the channel, and
optionally further a difference from Fermi statistics. This
yields a total maximum kinetic energy from which a ballisti-
cally limiting velocity can be calculated using, for example,
an isotropic effective mass approximation. For example, in
accordance with one embodiment, the maximum Kkinetic
energy B for an electron may be defined as:

kmax

Ekmax=[£m*(Je)2+Ec M

In equation (1), E,,,.. represents the maximum energy of
anelectron, m* represents the effective mass of the electron at
the injection point, J, represents the current flux at the injec-
tion point,

represent the velocity of the electron at the injection point,
parameter E . inside the square brackets represents the con-
duction band energy at the injection point, the subscript “IP”
indicates that the value within the square brackets is evaluated
at the injection point, and E. outside the square brackets
represents the conduction band energy at the point the energy
is being calculated. It is understood that the expression

represents the kinetic energy of the electrons at the injection
point. It is also understood that other relationships defining
the maximum kinetic energy of an electron may also be used.
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The maximum energy E,,, .. may be used to determine the
ballistic mobility 5, as shown below:

@

zEkmax
Hp = —gsqri| — / VEm

In expression (2), VE, represents the gradient of the
quasi-Fermi level. The parameters E,,,.., m*, and VE.,, in
expression (2) are evaluated at the same point where the
ballistic mobility term i is determined.

Once the drift-diffusion mobility and the ballistic mobility
(which are related to the velocity) are determined, a net veloc-
ity may be calculated. In a scalar velocity (assuming the
direction of the ballistically limited velocity is aligned with
the direction of the drift-diffusion velocity), the magnitude of
the total mobility ., or velocity may be defined as the recip-
rocal of the sum of the reciprocals of the ballistic velocity (or
mobility 1) and the drift-diffusion velocity (or drift-diffu-
sion mobility Wy,5), as shown below:
®

In some embodiments, 1 may be scaled by one or more
factors to account for variations thereto. For example, |, may
be scaled by a saturation factor and a mobility stress factor to
account for stresses present in the semiconductor through

which the charges travel. In one example, |1 may be scaled as
shown below:

[ T T |
Heor =Hpp "+Hp

Hp—>lp[1+SaturationFactorx (MobilityStressFactor—
1] Q)

In expression (4), 1z is shown as being scaled by the satu-
ration factor parameter “SaturationFactor” and a mobility
stress factor parameter MobilityStressFactor. It is understood
that the above scaling parameters are exemplary and that
many other scaling parameters may be used to scale 1.

In some embodiments, |, may be scaled by one or more
factors to account for variations thereto. For example, 1,
may be scaled by a mobility stress factor to account for
stresses present in the semiconductor through which the
charges travel. In one example, |, may be scaled as shown
below:

Wop—>HppxMobility StressFactor

®

In expression (5), Wyp is shown as being scaled by the
mobility stress factor parameter MobilityStressFactor. It is
understood that the above scaling is exemplary and that many
other scaling parameters may be used to scale w,,. It is
further understood that expression (3) may be carried out after
performing the scaling operations on Lz and [y, 5.

In some embodiments, when carrier concentration is not
constant, the drift-diffusion carrier velocity is calculated from
the gradient of a quasi-Fermi potential (under the assumption
of'local thermal equilibrium) rather than from the gradient of
the electrostatic potential (the electric field). Other effects
may cause a modification of the model. For example, the
effective mass of the carriers may be energy-dependent. This
effect is typically called nonparabolicity since it yields bands
whose energy as a function of momentum in some directions
are no longer parabolic. The velocity may be converted to
mobility or vice versa. The term total mobility, p, ,, is also
referred to as the ballistically-adjusted mobility or net mobil-
ity.

Embodiments of the present invention also account for
high-energy effects such as optical phonon scattering or the
transferred carrier effect. For example, in one embodiment
for electrons and holes, a ballistic fraction defined by the ratio
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of the ballistically-modified velocity (or mobility) to the bal-
listic velocity (or mobility), is derived. The ballistically-
modified velocity and the ballistic velocity are assumed to be
in the same direction. This ratio, which is a scalar quantity
between 0 and 1 (inclusive), describes the degree to which
carriers of a given type are limited by their inertia rather than
by the typical mechanisms limiting velocity in the drift-dif-
fusion approximation, such as the various scattering pro-
cesses. If carriers are ballistically limited, then it can be
assumed that the kinetic energy in excess of the thermal
component is substantially aligned along the direction of
carrier flow. In an isotropic approximation and in the absence
of substantial quantum confinement, the kinetic energy may
increase by up to a factor of, for example, three along the
transport direction before a threshold for enhanced scattering,
such as, optical phonon scattering or inter-valley carrier trans-
fer, is reached. If energy-independent effective mass is
assumed, the velocity increases asymptotically by a factor of,
for example, square root of 3, thus setting an upper bound for
the ballistically limited current. However to the extent that
high-energy scattering mechanisms may result in a decreased
ballisticity, such calculations need to be done self-consis-
tently. Velocity saturation reduces the ballisticity, which in
turn, reduces the saturation velocity, further reducing ballis-
ticity. The calculations should thus be performed iteratively to
maintain self-consistently.

The other effect on velocity saturation is the abruptness
with which velocity saturation occurs. In one embodiment,
this abruptness may depend on the maximum kinetic energy
and the temperature, for example, the lattice temperature
evaluated at the injection region. The assumption is that if the
temperature is very high in comparison to the optical phonon
generation threshold, or if the carriers have accelerated
through a potential drop much larger than the optical phonon
generation threshold, then the abruptness of the onset of
velocity saturation approaches a universal value for that car-
rier under those conditions in that semiconductor in that
device type. However, if the potential energy drop experi-
enced by the carriers since the injection point or another
reference point, together with the kinetic energy the carriers
had at that point and the thermal energy describing the spread
in the carriers kinetic energy amounts to a value less than the
optical phonon generation threshold, then the prevalence of
carriers with energy at least equal to the threshold will be less
than it would have been had the carriers had the opportunity
to acquire more kinetic energy. By increasing the abruptness
of'the onset of optical phonons as a function of the ratio of the
optical phonon threshold energy to the sum of a thermal
energy and the maximum carrier kinetic energy, a more real-
istic representation of the opportunity for lucky or otherwise
abnormally energetic electrons to scatter due to a high energy
process, such as optical phonon scattering, is realized. Param-
eter 8, described above and which represents the abruptness
of the onset of high-energy scattering mechanisms, or the
abruptness with which velocity saturation is reached, may be
defined as:

h Wopt

©
akT + Enax

B= ﬁoeXp[

In the above expression (6), k represents the Boltzmann
constant, T represents the temperature in Kelvin, b repre-

sents the Planck’s constant, hi ®,,,, represents the threshold
energy for generating optical phonons, a is a coefficient that
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may have different values (e.g., 0.5, 1 or 1.5), and 3, is defined
by the drift-diffusion model. It is understood that expression
(6) is exemplary and that the relationship between f§ and the
other parameters shown in expression (6) may take many

other forms. The saturation velocity v,,, may be defined as:
Vear = VgroS rt[i?,ﬂg ] ™
sat 5a105q G — 24000)

In expression (7), v,,, denotes the asymptotic velocity in
the high-energy limit. For semiconductors where the trans-
ferred carrier effect is important, a similar approach may be
taken, for example, by using a ballistic fraction and/or a ratio
of energies including an energy threshold, a kinetic energy
term, and/or a thermal energy term to adjust parameters
describing the effect. Embodiments of the present invention
thus model the observed behavior that the transferred electron
effect tends to be suppressed in devices with a short channel.

Similarly, when a hydrodynamic model (described further
below) which treats a carrier temperature as a scalar field is
used, a ballistic fraction calculated, for example, using one of
the approaches described here, may be used to partition the
carrier kinetic energy into ballistic and thermal components.
This can reduce some of the anomalies which may occur
when treating all carrier kinetic energy as thermal.

An example of the hydrodynamic modeling of carrier
transport is incorporated in the Sentaurus Device simulation
tool (Sentaurus™ Device manual, version 1-2013.12, 2013,
page 211, commercially available from Synopsys Inc). The
equations shown below apply to electrons but similar equa-
tions apply to holes. Assuming default coefficients:

WAV S, =V, VEA+QW, /) o ®

S 15k L/ ) np, VET,) ©

In the above expressions (8) and (9), the term (@W,,/31),,;;
represents a collision term dependent upon an energy relax-
ation time, W, represents a thermal energy density 1.5 nkT,,
V is a gradient operator, n is the electron density, J,, is the
electron current density, k represents the Boltzmann constant
and T,, represents the electron temperature.

Expression (8) and (9) respectively represent energy con-
servation and heat flux. The energy conservation equation
contains a generation term J,-VE_ which is based on the
assumption that as carriers move from a higher to a lower
potential energy, at a given carrier temperature, the change in
potential energy is conserved as an increase in carrier tem-
perature.

Under the ballistic transport, however, the carriers do not
become hotter in the sense that random thermal motion
becomes greater, but rather the carriers experience a system-
atic acceleration. So when ballistic transport is prominent,
only a fraction of the potential energy change goes to carrier
heat. The simplest assumption is that carriers exist in two
modes, a ballistic mode and a diffusive mode. The ballistic
mode is assumed to have no scattering, while the diffusive
mode is assumed to be constantly scattering.

With this simplifying assumption, there are two ways in
which carriers can convert potential energy into heat. One is
if they are in a mode of continuously scattering, to move
across a gradient in potential. That change in potential comes
with an instantaneous change in carrier heat. The other is if a
carrier changes from ballistic to diffusive. In such a case, the
full excess kinetic energy accumulated by the carrier, which is
the difference between the potential at the injection point at
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the potential at the local position adjusted for a difference in
the thermal energy between the injection point and the present
position, is converted into heat. The result is shown in expres-
sion (10) below:

10

W,
( ]+V-Sn:

ar
1
(—5)[(1 — fodn-V Ee — [Ecip — Ec + 1L.5k(Tup — T)lJn -V f3] +
W,
( dat )coll

In expression (10), E ;5 and T, represent the conduction
band energy and the temperature of the electrons at the injec-
tion point, E_ is the conduction band energy of the point being
calculated, fj is the ballistic fraction defined by v the mean
electron speed, v, and the electron ballistic velocity v. For
example, the ballistic fraction may be defined by the heuristic
expression (11) below:

fa=v/vp (11)
Consider the case of a ballistic transistor where the carriers
injected at a source ballistically travel across a channel, and
are collected by a drain where they thermalize due to scatter-
ing there. With the conventional hydrodynamic model, the
gradient of the conduction band energy is greatest in the
channel, and therefore it is in the channel that the greatest
amount ofheat is generated. However, in accordance with one
aspect of the present invention, the carriers in the channel are
fully ballistic, and therefore the generation due to the gradient
in the conduction band energy is zero. However, in the drain,
where the gradient in ballistic fraction becomes large, the full
energy difference between the conduction bands of the source
and drain is converted to carrier heat. For FinFET and nanow-
ire transistors, where the channel regions may be relatively
thin and have relatively low thermal conductivity (thermal
conductivity being reduced in thin layers), while the drain
regions are relatively larger and thus have relatively greater
thermal conductivity, a shift in the region of heat generation
may have a significant effect on the predicted behavior of the
device.

Solving for lattice temperature includes similar consider-
ations similar to those for carrier temperature. With the simu-
lator Sentaurus™ Device, the equations governing the solu-
tion of lattice temperature are called the thermodynamic
model, and not hydrodynamic model which governs carrier
temperature. The same technique described herein in which
ballistic carriers (which cause no lattice heating) are sepa-
rated from diffusive carriers (which deliver heat to the lattice
through scattering), applies.

For example, the thermodynamic model in Sentaurus™
Device includes the following contribution for electrons, with
a similar contribution for holes:

-V, )+(L/g)E +1.5kT)J, 12)

where ¢,, is the electron quasi-Fermi potential, E_ is the con-
duction band energy, and kT is the thermal energy. A similar
contribution is assumed for holes.

Expression (12) assumes that if carriers are flowing and
that a gradient of the quasi-Fermi potential exists along the
same direction then that current adds heat to the lattice. Simi-
larly, it assumes if there is a divergence in carrier flux, then
heat is added to or removed from the lattice. However, when
transport is ballistic, the carriers fail to interact with the lat-
tice, and there is no effect on the lattice temperature. Addi-
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tionally, when carriers go from being purely ballistic to purely
diffusive, carrier kinetic energy is lost. Assuming a carrier
heat is not being also modeled (thermodynamic, not hydro-
dynamic) the lost energy goes to heating the lattice. The
above expression may thus be modified as shown below in
expression (13):

ARV @l I+ VPEALSEDVT VG E czpm

EA15k(Tp-T1J, V3 (13)

In expression (13), V is the gradient operator, J, represents
the electron current density, E;» and T, represent the con-
duction band energy and the temperature at the injection
point, and T represents the electron temperature. Two contri-
butions are captured by expression (13). One is due to the
current flow of carriers undergoing scattering. This compo-
nent is proportional to one minus the ballistic fraction f;. The
other component is due to the carriers transitioning from
ballistic to diffusive transport. These carriers yield their
excess kinetic energy as lattice heating. Assuming the carriers
have a degree of random motion consistent with the carrier
temperature being equal to the lattice temperature, the excess
kinetic energy is calculated using a combination of the poten-
tial energy at the injection point and the position of interest, as
well as the lattice temperature at the injection point and the
position of interest.

In addition to the total energy, the lattice temperature may
be derived for the ballistic region. One approach to achieve
this, is to use the temperature calculated for each point in the
ballistic region. However, since ballistic carriers are assumed
to interact weakly with the lattice, it may be preferred to
calculate the temperature in a fashion similar to the calcula-
tion of the ballistic energy limit, namely to calculate a tem-
perature at an injection point, or a temperature averaged over
an injection zone, or the maximum value of the temperature
over a ballistic region, or a weighted average of the tempera-
ture over the ballistic region.

Given the attraction of simplicity for identifying a single
injection point, the temperature at that point could be used in
one embodiment. It could be assumed that carriers interact
with the lattice through frequent scattering until they reach
the injection point, and upon entering the channel are more
rapidly accelerated and subjected to a probability of ballistic
transport, during which the spread in energy associated with
the thermal characteristics of the injection point are retained
by the ballistic subset of the carrier population traversing the
channel region. Commonly, however, simulations are carried
out by assuming a nearly constant global temperature. Alter-
natively, simulations may be carried out while assuming dif-
ferent temperatures for carriers of different types and the
lattice. In such simulations, the carrier temperature at the
injection point might be used instead of the lattice tempera-
ture. In such simulations, it is generally assumed that the
carriers are in thermal equilibrium with other carriers of the
same type, but not in thermal equilibrium with carriers of a
different type, and not in thermal equilibrium with the lattice.
Ballistic carriers injected into the channel may be assumed to
retain the kinetic energy spread of the appropriate carrier
temperature at the injection point.

Once the total energy and a temperature are established for
a defined ballistic region, a self-consistent solution within the
ballistic region can be obtained. Such a solution involves an
initial estimate. In equilibrium, with no current flowing, bal-
listicity is not a significant factor. From this state, a small bias
can be applied. With a sufficiently small bias, velocities are
small. With a small potential drop, the ballistic velocity is
proportional to the square root of the potential drop. The
ballistic velocity tends to increase rapidly with an initial small
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potential drop, but less rapidly as the potential drop increases
further. On the other hand, the local field-based model tends
to predict currents proportional to the gradient of the poten-
tial.

Consider a changing device state in which the electric field
is increasing, thus increasing the potential drop. As the poten-
tial drop increases, the ballistic-model velocity increases rap-
idly (e.g., proportional to the square root of the drop in poten-
tial over a given distance) whereas the local field-based model
velocity increases nearly linearly with the potential drop. As
a result, the local field-based model velocity tends to domi-
nate for very small potential drops, and the ballistic-model
velocity becomes a small adjustment to the local field-based
model solution. As the potential drop increases, however, the
square root dependence of the ballistic-model velocity on the
potential drop results in the ballistic-model velocity increas-
ing in magnitude more slowly than the local field-based
velocity. In such a case, the ballistic-model velocity may have
a proportionately larger impact on ballistically-adjusted
mobility as the electric field is increased. If the solutions are
generated in the order of increasing electric field, the influ-
ence of the ballistic model on the adjusted velocity may
increase as the electric field is increased, or in some cases may
decrease but is unlikely to remain constant. Therefore, by
extrapolating the results from the earlier results obtained
during the self-consistent solution, an initial guess for the
solution in accordance with embodiments of the present
invention are provided. The extrapolated initial guess, which
may be linear or nonlinear, may yield superior results to other
methods of generating an initial condition for a self-consis-
tent solution.

Given an initial guess, the total energy may be re-evalu-
ated, for example, by repeating the search for an injection
point. An injection point or injection zone defined in terms of
fields (for example the gradient of the conduction band or
valence band energy) may yield different results based on the
estimated solution known at the time. The injection point may
be re-evaluated with each guess for each bias point. Alterna-
tively, the injection point may either be re-evaluated or
extrapolated from the solutions associated with the previous
bias points. One advantage of such evaluations using con-
firmed solutions is that it may provide less sensitivity to
numerical fluctuations in the solution. For example, it is typi-
cal in a semiconductor device simulation to iteratively
attempt to solve for fields, check for self-consistency and then
repeat the solution. Such an approach results in solutions that
meets the threshold for self-consistency and/or satisfied one
or more convergence criteria.

An alternative approach for establishing an injection point
is to adjust the total energy determined from a prior bias point
based on certain criteria. For example, an effective resistance
may be assumed to exist on an equipotential surface contain-
ing the injection point and at a given bias. The change in total
energy at the injection point may be approximated by this
resistance multiplied by a change in the current at the contact.
Alternatively, the total energy extracted at the injection point
may have a linear relationship with the current at the proxi-
mate contact. In such cases, the energy could be extrapolated
or interpolated from two or more solutions, each of which
may use an injection point determined for that bias condition.
A number of different ways exist for determining the varia-
tion of the total energy for a ballistic region, such as using an
injection point approximation, an analytic calculation, or a
combination thereof, as is described herein. In accordance
with one aspect of the present invention, a total energy for the
ballistic region is determined notwithstanding the identifica-
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tion of an injection point or injection zone. One example for
calculating the total energy E, ., - is described in expression
(1) above.

As with the total energy, the injection point temperature
may be updated with each new bias point if bias-dependent
and/or position-dependent temperature is being modeled.
The above descriptions related to total energy at an injection
point, or total energy for a ballistic region, may be used to
determine the temperature associated with an injection point.

For a given bias point, such calculation involves the deter-
mination of a total energy and temperature for a ballistic
region. The temperature may have an assumed value (for
example, an ambient temperature), may be solved self-con-
sistently for an entire device or region, or may be solved on a
position-wise basis using appropriate models. Thereafter, the
temperature may be evaluated at an injection region. An ini-
tial value may be estimated for various fields used to model
the region. The fields used in modeling the region may
include, for example, the electrostatic potential, the electron
quasi-Fermi level, the hole quasi-Fermi level, and the lattice
temperature. Some fields may be uniform throughout the
region while others may be position-dependent. Some may be
constant and others may be solved self-consistently using
variables. The initial solution may be the result of a self-
consistent solution where carrier velocities and fluxes are
determined with a ballistic adjustment. Alternatively, a field-
dependent local model may be used to determine the carrier
velocity for an initial solution, while neglecting ballistic
effects. In either case, a carrier velocity or mobility associated
with the local field-dependent model, while neglecting bal-
listic effects, may be initially calculated. This mobility is
identified as |, above.

The ballistic adjustment may be performed using a com-
bination of local parameters, such as those described above,
and regional parameters which describe the ballistic trans-
port. The regional parameters may include the total energy
and the ballistic carrier temperature for each carrier type. The
regional parameters are used to determine a ballistic velocity
associated with carriers traversing the region ballistically as
well as adjustments to other aspects of modeling which may
depend on the degree to which carriers are ballistic versus
scattered.

The ballistic velocity or mobility may be calculated locally
by calculating a kinetic energy for the ballistic carriers. The
carriers may be assigned different energy components includ-
ing a kinetic energy. The kinetic energy may be solved using
the constraint on total energy for the ballistic regime. For
example, the total energy determined for the ballistic region
for a given bias point may be partitioned into a potential
component and a kinetic component. For electrons, the poten-
tial energy may be taken to be the minimum energy of the
conduction band while for holes the potential energy may be
taken to be the minimum energy of the valence band. Any
remaining energy from the total energy may be considered as
the kinetic energy.

If the carriers at a location in the ballistic region are
exposed to scattering while traversing the ballistic region, the
kinetic energy might be less or the velocities may be random-
ized such that in calculating the net flux, the velocity of one
particle in part cancels the velocity of another particle. But in
the ballistic region, carriers at a given position are generally
assumed to be moving in the same direction, for example in
the direction predicted by the field-dependent model. The
conversion from the kinetic energy to velocity in this direc-
tion can be carried out using any of a number of well-under-
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stood techniques, for example, by using an effective mass
approximation, or using a detailed model of the energy band
structure.

An example of a simple, isotropic effective mass approxi-
mation is E,=Y4m,v,?, where m, is an effective mass associ-
ated with the ballistic transport, v, is the ballistic velocity
(assumed in the same direction as predicted by the local
field-dependent mobility model), and E,, is the sum of (i) the
local ballistic kinetic energy calculated as the kinetic energy,
for example, at an injection point, (ii) the difference in band
energies (for example, conduction or valence band) between
an injection point and the point of interest, and (iii) a term
describing the difference in Fermi exclusion between the
injection point and the location of interest.

This calculation yields a ballistic velocity or mobility,
while a local field model yields a non-ballistic velocity or
mobility. These velocities are then combined to yield a net
velocity or mobility. This could be achieve in a number of
different way, such as by using expression (1)-(3) or follow-
ing the example of Shur (described above) and using Mat-
thiessen’s rule. Alternatively, one may use the square of the
reciprocals of the velocities, take the square root of their sum,
and then take the reciprocal of the square root.

Once a ballistic velocity/mobility, a non-ballistic velocity/
mobility, and a ballistically-adjusted velocity/mobility, is
determined a parameter describing the degree of ballisticity
of the carriers at that point may be calculated. For example,
the ratio of the ballistically-adjusted velocity to the ballistic
velocity (assuming the two are in the same direction) will be
a unitless scalar parameter having a value between 0 and 1,
inclusive. Such a parameter may represent the degree of bal-
listicity of a given carrier at a given position. The ratio of the
ballistically-adjusted velocity to ballistic velocity, or equiva-
lently the ratio of the ballistically-adjusted mobility to the
ballistic mobility is defined herein as the ballisticity for any
given point. Such ballisticity may then be used to modify
many aspects of the model, for example, the high-energy
processes such as optical phonon scattering, intervalley trans-
fer, and carrier heating.

Another representation of the relative effect of a ballistic
limit is the ratio of the maximum ballistic kinetic energy to the
threshold energy required for the onset of a scattering pro-
cess. For example, a threshold energy is required for the
generation of optical phonons which can reduce the kinetic
energy and change the direction of travel of carriers. In silicon
this threshold may be approximately 64.1 meV. The relevant
kinetic energy is the total kinetic energy of ballistic carriers.
This includes the kinetic energy associated with the mean
carrier velocity at the injection point, the kinetic energy
acquired from a reduction in the potential energy the carriers
experience in traveling from the injection point, and random
components of energy associated with processes which con-
tribute to the carriers having a non-zero temperature at the
injection point. This thermal component of kinetic energy is
generally assumed to be random and uncorrelated with the
component due to ballistic transport. Therefore the two com-
ponents can be added. The thermal energy is represented as
the Boltzmann’s constant multiplied by the temperature.
However, this energy may be additionally multiplied by a
factor before being added to the kinetic energy. Such a factor
may be determined analytically (for example, Y2 or 1 or 1%%)
based on certain assumptions, or it may be empirically set
based on matching to rigorous calculations or experimentally
derived data. Thus at a non-zero temperature this ratio could
be defined by the sum of the kinetic energy and a multiple (for
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example, one) of the thermal energy divided by the threshold
for the onset of some scattering process (for example, optical
phonon generation).

Consider the Caughy-Thomas representation of velocity
saturation which may be generalized as follows:

N - ®)
ST

where v, is the velocity determined in the absence of velocity
saturation, v,,, denotes the asymptotic velocity in the high-
energy limit, and p§ denotes the abruptness with which veloc-
ity saturation occurs. In the ballistic limit and under certain
assumptions, the asymptotic velocity could increase by the
square root of three. Furthermore, under the ballistic limit, the
abruptness parameter [} increases, indicating a more abrupt
transition to velocity saturation, as described further in
expressions (6) and (7) shown above which are solved self-
consistently since V,,, depends on v, and v depends on V
thus an iterative solution is performed.

The transferred carrier effect, or more specifically a trans-
ferred electron effect, is described and modeled by Barnes, et
al., cited above. The model for the transferred carrier effect
may be adjusted to account for the degree of carrier ballistic-
ity in a manner similar to that by which scattering associated
with optical phonon generation is treated, as described above.
For example, velocity overshoot associated with the trans-
ferred electron effect is described in “Ballistic Transport and
Velocity Overshoot in Semiconductors: Part I-Uniform Field
Effects”, IEEE Transactions on Electron Devices, Vol.
ED-30, No. 2, February 1983, S. L. Teitel and J. W. Wilkins.

There are at least three mechanisms by which ballistic
limits can influence the transferred carrier effect. The trans-
ferred carrier effect typically requires a minimum carrier
kinetic energy for the carrier to transfer from a lower-energy
valley to a higher-energy valley. This can be treated in a
manner similar to the way parameter [ for optical phonon
generation is treated. In accordance with the second effect,
carriers may accumulate kinetic energy along primarily one
or more axes. If the kinetic energy is accumulated along
primarily one axis only, namely the transport direction, then
the total energy at a given velocity in that direction will be less
than the total energy for a given velocity if the kinetic energy
is additionally accumulated along an orthogonal axis. This is
similar to the effect described for velocity saturation V. In
accordance with the third effect, inter-valley transfer requires
scattering with a phonon of the appropriate momentum. Such
phonon scattering is less likely to occur in a region where the
ballisticity is high than where the ballisticity is low. Thus the
transferred carrier effect can depend explicitly on the degree
of ballisticity determined using the ratio of the ballistically-
adjusted velocity to the ballistic velocity. This determination
is made using solution that maintain self-consistently.

A solution to the transferred carrier effect, given an ana-
Iytical model for how it affects velocity in the constant field
limit, is to use a weighted average between an unadjusted
velocity and a velocity adjusted based on, for example, the
ballisticity, or the maximum kinetic energy and maximum
temperature, or some combinations thereof. A form for such
a velocity adjustment model is described in “Finite-element
simulation of GaAs MESFET’s With Lateral Doping Profiles
And Submicron Gates”, IEEE Transactions on Electron
Devices, Vol. 23, No. 9, September 1976, pp. 1042-1048,
Barnes, J. I.; Lomax, R. J.; Haddad, G. 1.
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When the carrier temperature is solved along with other
fields, such as those described above, the rate of carrier heat-
ing needs to be estimated. Modeling the degree of ballisticity
of a carrier population using the techniques described herein
improves the accuracy of carrier temperature estimation in
such models. Carrier temperature describes a degree of ran-
domness of carrier velocities due to their random motion and
contributing to certain phenomena such as diffusion. In a
purely ballistic limit, carrier random motion may not be sub-
stantially increased. A ballistic fraction may be used to par-
tition the carrier kinetic energy into random and coherent
components, and thus allow such phenomena as enhanced
carrier diffusion due to increased carrier kinetic energy to be
more accurately treated.

FIG. 3 is an exemplary block diagram of'a computer system
300 used to design an integrated circuit having disposed
therein devices, such as transistors, that are simulated using
the models described above, in accordance with an embodi-
ment of the present invention. Computer system 300 is shown
as including, in part, one or more processing units 302, an
input/output (“I/O”) component 304, a random access
memory 306, and a disk drive or non-volatile memory 308.
Computer system 300 is also shown as including a number of
peripheral devices, such as display monitor 350, one or more
user output device 330, one or more user input devices 325,
and communications interface 320. Processor 302 is config-
ured to communicates with a number of peripheral devices
via bus 310.

User input devices 325 include all possible types of devices
and mechanisms for inputting information to computer sys-
tem 300. These may include a keyboard, a keypad, a touch
screen incorporated into the display, audio input devices such
as voice recognition systems, microphones, and other types
of input devices. In various embodiments, user input devices
325 are typically embodied as a computer mouse, a trackball,
atrack pad, a joystick, wireless remote, drawing tablet, voice
command system, eye tracking system, and the like. User
input devices 325 typically allow a user to select objects,
icons, text and the like that appear on the display monitor 350
via a command such as a click of a button or the like.

User output devices 330 include all possible types of
devices and mechanisms for outputting information from
computer 300. These may include a display (e.g., monitor
350), non-visual displays such as audio output devices, etc.

Communications interface 320 provides an interface to
other communication networks and devices. Communica-
tions interface 320 may serve as an interface for receiving
data from and transmitting data to other systems. Embodi-
ments of communications interface 320 typically include an
Ethernet card, a modem (telephone, satellite, cable, ISDN),
(asynchronous) digital subscriber line (DSL) unit, FireWire
interface, USB interface, and the like. For example, commu-
nications interface 320 may be coupled to a computer net-
work, to a FireWire bus, or the like. In other embodiments,
communications interface 320 may be physically integrated
on the motherboard 370 of computer system 300, and may be
a software program, such as soft DSL, or the like.

In various embodiments, computer system 300 may also
include software that enables communications over a network
such as the HTTP, TCP/IP, RTP/RTSP protocols, and the like.
In alternative embodiments of the present invention, other
communications software and transfer protocols may also be
used, for example IPX, UDP or the like.

Random access memory 306 and disk drive 308 are
examples of tangible media configured to store data such as
embodiments of the present invention, including executable
computer code, human readable code, or the like. Other types
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of'tangible media include floppy disks, removable hard disks,
optical storage media such as CD-ROMS, DVDs and bar
codes, semiconductor memories such as flash memories, non-
transitory read-only-memories (ROMS), battery-backed
volatile memories, networked storage devices, and the like.
Random access memory 306 and disk drive 308 may be
configured to store software code, instructions, and data con-
structs that provide the functionality of the present invention.
The instruction and software may be executed by processor
302.Random access memory 306 and disk drive 308 may also
provide a repository for storing data used in accordance with
the present invention.

Random access memory 306 may include a random access
memory (RAM) for storage of instructions and data during
program execution and a read only memory (ROM) in which
fixed non-transitory instructions are stored. Random access
memory 306 and disk drive 308 may include a file storage
subsystem providing persistent (non-volatile) storage for pro-
gram and data files. Computer system 300 may also include
removable storage systems, such as removable flash memory.

Bus 310 provides a mechanism for enabling the various
components and subsystems of computer 300 to communi-
cate with each other as intended. Although bus 300 is shown
schematically as a single bus, alternative embodiments of the
bus subsystem may utilize multiple busses.

Computer system 300 may be a desktop, portable, rack-
mounted or tablet configuration. Additionally, computer sys-
tem 300 may include a number of networked computers.
Various embodiments of the present invention may be imple-
mented in the form of logic in software or hardware or a
combination of both. The logic may be stored in a computer
readable or machine-readable non-transitory storage medium
as a set of instructions adapted to direct a processor of a
computer system to perform a set of steps disclosed in
embodiments of the present invention. The logic may form
part of a computer program product adapted to direct an
information-processing device to perform a set of steps dis-
closed in embodiments of the present invention. Based on the
disclosure and teachings provided herein, a person of ordi-
nary skill in the art will appreciate other ways and/or methods
to implement the present invention.

The data structures and code described herein may be
partially or fully stored on a computer-readable storage
medium and/or a hardware module and/or hardware appara-
tus. A computer-readable storage medium includes, but is not
limited to, volatile memory, non-volatile memory, magnetic
and optical storage devices such as disk drives, magnetic tape,
CDs (compact discs), DVDs (digital versatile discs or digital
video discs), or other media, now known or later developed,
that are capable of storing code and/or data. Hardware mod-
ules or apparatuses described herein include, but are not lim-
ited to, application-specific integrated circuits (ASICs), field-
programmable gate arrays (FPGAs), dedicated or shared
processors, and/or other hardware modules or apparatuses
now known or later developed.

The methods and processes described herein may be par-
tially or fully embodied as code and/or data stored in a com-
puter-readable storage medium or device, so that when a
computer system reads and executes the code and/or data, the
computer system performs the associated methods and pro-
cesses. The methods and processes may also be partially or
fully embodied in hardware modules or apparatuses, so that
when the hardware modules or apparatuses are activated, they
perform the associated methods and processes. The methods
and processes disclosed herein may be embodied using a
combination of code, data, and hardware modules or appara-
tuses.
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FIG. 4 is a flowchart 400 for simulating a semiconductor
device behavior, in accordance with one embodiment of the
present invention. A maximum energy associated with a car-
rier entering a region of the semiconductor device is estab-
lished at 410. A maximum kinetic energy associated with the
carrier is defined at 420 in accordance with the established
maximum energy and further in accordance with the position
of'the carrier within the semiconductor device. Thereafter, the
carrier’s velocity is computed at 430 in accordance with the
maximum kinetic energy and further in accordance with one
or more scatterings. The maximum kinetic energy of the
carrier establishes an upper bound for the velocity of the
carrier. In one embodiment, at least one of the scatterings
represents intervalley scattering.

In one embodiment, the maximum kinetic energy is char-
acterized by a kinetic energy of the carriers entering the
region of the semiconductor device and a potential energy
associated with a position of the carrier within the region of
the semiconductor device. In one embodiment, the maximum
kinetic energy is further characterized by a local maximum of
a conduction band energy associated with the region of the
semiconductor device. In one embodiment, the maximum
kinetic energy is further characterized by a local minimum of
the valence band energy associated with the region of the
semiconductor device.

The above descriptions of embodiments of the present
invention are illustrative and not limitative. Other modifica-
tions and variations will be apparent to those skilled in the art
and are intended to fall within the scope of the appended
claims.

What is claimed is:
1. A computer-implemented method of simulating a semi-
conductor device, the method comprising:
establishing a maximum energy associated with a carrier
entering a region of the semiconductor device;
defining a maximum kinetic energy associated with the
carrier in accordance with the maximum energy and
further in accordance with a position of the carrier
within the region; and
computing a velocity of the carrier in accordance with the
maximum kinetic energy and further in accordance with
one or more scatterings, said maximum Kinetic energy
establishing an upper bound for a velocity of the carrier.
2. The computer-implemented method of claim 1 further
comprising:
partitioning the kinetic energy of the carrier into a ballistic
component and a thermal component.
3. The computer-implemented method of claim 2 further
comprising:
computing a ballistic velocity for the carriers inaccordance
with the maximum kinetic energy; and
computing a ballistic fraction for a position within the
region, said ballistic fraction defined by a ratio of the
computed velocity at the position and a ballistic velocity
limit.
4. The computer-implemented method of claim 3 further
comprising:
partitioning the kinetic energy of the carrier into a ballistic
component and a thermal component in accordance with
the ballistic fraction.
5. The computer-implemented method of claim 3 further
comprising:
partitioning a population of the carriers across a plurality
energy bands in accordance with the ballistic fraction.
6. The method of claim 3 wherein said ballistic fraction
defines a lattice temperature of the semiconductor device.
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7. The method of claim 3 wherein said ballistic fraction
defines a carrier temperature.

8. The computer-implemented method of claim 1 wherein
at least one of the one or more scatterings represents interval-
ley scattering.

9. The computer-implemented method of claim 1 wherein
said maximum kinetic energy is characterized by a kinetic
energy of the carrier entering the region and a potential energy
associated with a position of the carrier within the region.

10. The computer-implemented method of claim 9 wherein
said maximum kinetic energy is further characterized by a
local maximum of a conduction band energy associated with
the region.

11. The computer-implemented method of claim 9 wherein
said maximum kinetic energy is further characterized by a
local minimum of a valence band energy associated with
region.

12. The computer-implemented method of claim 9 further
comprising:

computing a ballistic mobility value for the carrier in

accordance with the maximum kinetic energy.

13. The computer-implemented method of claim 12 further
comprising:

computing the ballistic mobility value for the carrier fur-

ther in accordance with quasi Fermi level.

14. The computer-implemented method of claim 12 further
comprising:

computing a diffusion mobility value for the carrier.

15. The computer-implemented method of claim 14 further
comprising:

modifying the computed ballistic mobility to account for

velocity saturation.

16. The computer-implemented method of claim 15 further
comprising:

scaling the modified computed ballistic mobility to

account for stress; and

scaling the diffusion mobility to account for stress.

17. The computer-implemented method of claim 16 further
comprising:

computing a total mobility in accordance with the scaled

modified ballistic mobility and the scaled diffusion
mobility.

18. The computer-implemented method of claim 17
wherein an inverses of the total mobility is defined by a sum
of inverses of the scaled modified ballistic mobility and the
scaled diffusion mobility.

19. The computer-implemented method of claim 18 further
comprising:

computing a saturation velocity of the carrier in accor-

dance with the ballistic mobility and the total mobility.

20. The computer-implemented method of claim 19 further
comprising:

modifying the velocity in accordance with an abruptness

parameter indicative of an abruptness of an onset of
scattering.

21. The computer-implemented method of claim 20
wherein said abruptness parameter is defined by a threshold
energy for generating optical phonons.

22. The computer-implemented method of claim 21
wherein said abruptness parameter is further defined by the
maximum kinetic energy and the Boltzmann constant.

23. The computer-implemented method of claim 1 further
comprising:

modifying a velocity of the carrier to account for velocity

saturation.

24. The computer-implemented method of claim 1 further
comprising:
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partitioning a population of carriers across a plurality of

energy bands.

25. The computer-implemented method of claim 24 further
comprising:

modifying a mean velocity of the carriers in accordance

with the population of the carriers in the plurality of the
energy bands.

26. The computer-implemented model of claim 1 wherein
said semiconductor device is a field-effect transistor.

27. A computer system comprising a processor and a
memory operative to receive a software program configured
to design/simulate a circuit comprising at least one semicon-
ductor device, said computer system when invoked by the
software program is caused to:

establish a maximum energy associated with a carrier

entering a region of the semiconductor device;

define a maximum kinetic energy associated with the car-

rier in accordance with the maximum energy and further
in accordance with a position of the carrier within the
region; and

compute a velocity of the carrier in accordance with the

maximum kinetic energy and further in accordance with
one or more scatterings, said maximum Kinetic energy
establishing an upper bound for a velocity of the carrier.

28. The computer system of claim 27 wherein said com-
puter system is further caused to:

partition the kinetic energy of the carrier into a ballistic

component and a thermal component.

29. The computer system of claim 28 wherein said com-
puter system is further caused to:

compute a ballistic velocity for the carriers in accordance

with the maximum kinetic energy; and

compute a ballistic fraction for a position within the region,

said ballistic fraction defined by a ratio of the computed
velocity at the position and a ballistic velocity limit.

30. The computer system of claim 29 wherein said com-
puter system is further caused to:

partition the kinetic energy of the carrier into a ballistic

component and a thermal component in accordance with
the ballistic fraction.

31. The computer system of claim 29 wherein said com-
puter system is further caused to:

partition a population of the carriers across a plurality

energy bands in accordance with the ballistic fraction.

32. The computer system of claim 29 wherein said semi-
conductor device is a field-effect transistor.

33. The computer system of claim 29 wherein said ballistic
fraction defines a lattice temperature of the semiconductor
device.

34. The method of claim 29 wherein said ballistic fraction
defines the carrier temperature.

35. The computer system of claim 27 wherein at least one
of the one or more scatterings represents intervalley scatter-
ing.

36. The computer system of claim 27 wherein said maxi-
mum Kinetic energy is characterized by a kinetic energy of the
carriers entering the region and a potential energy associated
with a position of the carrier within the region.

37. The computer system of claim 27 wherein said maxi-
mum kinetic energy is further characterized by a local maxi-
mum of a conduction band energy associated with the region.

38. The computer system of claim 27 wherein said maxi-
mum kinetic energy is further characterized by a local mini-
mum of a valence band energy associated with the region.

39. The computer system of claim 27 wherein said com-
puter system is further caused to:
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compute a ballistic mobility value for the carrier in accor-

dance with the maximum kinetic energy.

40. The computer system of claim 39 wherein said com-
puter system is further caused to:

compute the ballistic mobility value for the carrier further

in accordance with quasi Fermi level.

41. The computer system of claim 39 wherein said com-
puter system is further caused to:

compute a diffusion mobility value for the carrier.

42. The computer system of claim 41 wherein said com-
puter system is further caused to:

modify the computed ballistic mobility to account for

velocity saturation.

43. The computer system of claim 42 wherein said com-
puter system is further caused to:

scale the modified computed ballistic mobility to account

for stress; and

scale the diffusion mobility to account for stress.

44. The computer system of claim 43 wherein said com-
puter system is further caused to:

compute a total mobility in accordance with the scaled

modified ballistic mobility and the scaled diffusion
mobility.

45. The computer system of claim 44 wherein an inverses
of the total mobility is defined by a sum of inverses of the
scaled modified ballistic mobility and the scaled diffusion
mobility.

46. The computer system of claim 45 wherein said com-
puter system is further caused to:

compute a saturation velocity of the carrier in accordance

with the ballistic mobility and the total mobility.

47. The computer system of claim 46 wherein said com-
puter system is further caused to:

modify the velocity in accordance with an abruptness

parameter indicative of an abruptness of an onset of
scattering.

48. The computer system of claim 47 wherein said abrupt-
ness parameter is defined by a threshold energy for generating
optical phonons.

49. The computer system of claim 48 wherein said abrupt-
ness parameter is further defined by the maximum kinetic
energy and the Boltzmann constant.

50. The computer system of claim 27 wherein said com-
puter system is further caused to:

modify a velocity of the carrier to account for velocity

saturation.

51. The computer system of claim 27 wherein said com-
puter system is further caused to:

partition a population of carriers across a plurality of

energy bands.

52. The computer system of claim 51 wherein said com-
puter system is further caused to:

modify a mean velocity of the carriers in accordance with

the population of the carriers in the plurality of the
energy bands.

53. A non-transitory computer-readable storage medium
comprising instructions for designing/simulating a circuit
comprising at least one semiconductor device, said instruc-
tions when executed by a computer causing the computer to:

establish a maximum energy associated with a carrier

entering a region of the semiconductor device;

define a maximum kinetic energy associated with the car-

rier in accordance with the maximum energy and further
in accordance with a position of the carrier within the
region; and

compute a velocity of the carrier in accordance with the

maximum kinetic energy and further in accordance with
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one or more scatterings, said maximum Kinetic energy
establishing an upper bound for a velocity of the carrier.

54. The non-transitory computer-readable storage medium
of claim 53 wherein said instructions further cause the com-
puter to:

partition the kinetic energy of the carrier into a ballistic

component and a thermal component.

55. The non-transitory computer-readable storage medium
of claim 54 wherein said instructions further cause the com-
puter to:

compute a ballistic velocity for the carriers in accordance

with the maximum kinetic energy; and

compute a ballistic fraction for a position within the region,

said ballistic fraction defined by a ratio of the computed
velocity at the position and a ballistic velocity limit.

56. The non-transitory computer-readable storage medium
of claim 55 wherein said instructions further cause the com-
puter to:

partition the kinetic energy of the carrier into a ballistic

component and a thermal component in accordance with
the ballistic fraction.

57. The non-transitory computer-readable storage medium
of claim 55 wherein said instructions further cause the com-
puter to:

partition a population of the carriers across a plurality

energy bands in accordance with the ballistic fraction.

58. The non-transitory computer-readable storage medium
of claim 55 wherein said ballistic fraction defines lattice
temperature of the semiconductor device.

59. The non-transitory computer-readable storage medium
of claim 55 wherein said ballistic fraction defines carrier
temperature.

60. The non-transitory computer-readable storage medium
of claim 53 wherein least one of the one or more scatterings
represents intervalley scattering.

61. The non-transitory computer-readable storage medium
of claim 53 wherein said maximum kinetic energy is charac-
terized by a kinetic energy of the carriers entering the region
and a potential energy associated with a position of the carrier
within the region.

62. The non-transitory computer-readable storage medium
of claim 61 wherein said maximum kinetic energy is further
characterized by a local maximum of a conduction band
energy associated with the region.

63. The non-transitory computer-readable storage medium
of claim 61 wherein said maximum kinetic energy is further
characterized by a local minimum of a valence band energy
associated with region.

64. The non-transitory computer-readable storage medium
of claim 61 wherein said instructions further cause the com-
puter to:

compute a ballistic mobility value for the carrier in accor-

dance with the maximum Kkinetic energy.

65. The non-transitory computer-readable storage medium
of claim 64 wherein said instructions further cause the com-
puter to:

compute the ballistic mobility value for the carrier further

in accordance with quasi Fermi level.

66. The non-transitory computer-readable storage medium
of claim 64 wherein said instructions further cause the com-
puter to:

compute a diffusion mobility value for the carrier.
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67. The non-transitory computer-readable storage medium
of claim 66 wherein said instructions further cause the com-
puter to:

modify the computed ballistic mobility to account for

velocity saturation.

68. The non-transitory computer-readable storage medium
of claim 67 wherein said instructions further cause the com-
puter to:

scale the modified computed ballistic mobility to account

for stress; and

scale the diffusion mobility to account for stress.

69. The non-transitory computer-readable storage medium
of claim 68 wherein said instructions further cause the com-
puter to:

compute a total mobility in accordance with the scaled

modified ballistic mobility and the scaled diffusion
mobility.

70. The non-transitory computer-readable storage medium
of'claim 69 wherein an inverses of the total mobility is defined
by a sum of inverses of the scaled modified ballistic mobility
and the scaled diffusion mobility.

71. The non-transitory computer-readable storage medium
of claim 70 wherein said instructions further cause the com-
puter to:

compute a saturation velocity of the carrier in accordance

with the ballistic mobility and the total mobility.

72. The non-transitory computer-readable storage medium
of claim 71 wherein said instructions further cause the com-
puter to:

modify the velocity in accordance with an abruptness

parameter indicative of an abruptness of an onset of
scattering.

73. The non-transitory computer-readable storage medium
of claim 72 wherein said abruptness parameter is defined by
a threshold energy for generating optical phonons.

74. The non-transitory computer-readable storage medium
of claim 73 wherein said abruptness parameter is further
defined by the maximum kinetic energy and the Boltzmann
constant.

75. The non-transitory computer-readable storage medium
of claim 53 wherein said instructions further cause the com-
puter to:

modify a velocity of the carrier to account for velocity

saturation.

76. The non-transitory computer-readable storage medium
of claim 53 wherein said instructions further cause the com-
puter to:

partition a population of carriers across a plurality of

energy bands.

77. The non-transitory computer-readable storage medium
of claim 76 wherein said instructions further cause the com-
puter to:

modify a mean velocity of the carriers in accordance with

the population of the carriers in the plurality of the
energy bands.

78. The non-transitory computer-readable storage medium
of claim 53 wherein said semiconductor device is a field-
effect transistor.



